The diurnal regulation of dopamine is important for normal physiology and diseases such as addiction. Here we find a novel role for the CLOCK protein to antagonize CREB-mediated transcriptional activity at the tyrosine hydroxylase (TH) promoter, which is mediated by the interaction with the metabolic sensing protein, Sirtuin 1 (SIRT1). Additionally, we demonstrate that the transcriptional activity of TH is modulated by the cellular redox state, and daily rhythms of redox balance in the ventral tegmental area (VTA), along with TH transcription, are highly disrupted following chronic cocaine administration. Furthermore, CLOCK and SIRT1 are important for regulating cocaine reward and dopaminergic (DAergic) activity, with interesting differences depending on whether DAergic activity is in a heightened state and if there is a functional CLOCK protein. Taken together, we find that rhythms in cellular metabolism and circadian proteins work together to regulate dopamine synthesis and the reward value for drugs of abuse.
Introduction
Many of the mechanisms underlying physiology and behavior are controlled by circadian rhythms. Studies from the liver find that organismal homeostasis is maintained by an interplay between circadian rhythms and metabolism [1, 2] . Few studies have investigated these mechanisms in the mammalian brain, despite evidence linking circadian and/or metabolic disruptions to psychiatric disorders, including bipolar disorder and drug addiction [3] [4] [5] [6] [7] . Circadian disruption, whether environmental or genetic, alters the behavioral responses to drugs of abuse [8] [9] [10] [11] . For example, circadian gene mutant mice display differential locomotor sensitization and conditioned preference to cocaine [12, 13] , and self-administration of cocaine [14] , likely by modulating DA neurotransmission [15] [16] [17] [18] [19] [20] .
At the cellular level, rhythms are controlled by transcriptional-translational feedback loops [21] , and 40-60% of protein-coding genes are regulated by the molecular clock [22] . The core circadian transcription factors CLOCK and BMAL1 form heterodimers and bind to enhancer E-box promoter elements to directly control rhythmic gene transcription [21] . More recently, the molecular clock has been shown to couple with intracellular metabolic signaling pathways. One of the most well characterized is the interaction between CLOCK/BMAL1 and the energy-dependent histone and protein deacetylase SIRT1 to repress CLOCK-mediated transcription [23] [24] [25] [26] . SIRT1 activity is modulated by the cofactor nicotinamide adenine dinucleotide (NAD+), and the reduced form, NADH, both of which respond to cellular energy demands and redox state [27] . Other studies have shown that NAD+ is important for maintaining energy homeostasis in the brain [28, 29] , as well as calcium transport and mitochondrial respiration [29] [30] [31] [32] [33] . NAD+-dependent SIRT1 regulates exploratory behavior, anxiety, and depressive-like behaviors, and reward and motivated behaviors associated with drugs of abuse [34] [35] [36] [37] [38] , suggesting a molecular link between circadian rhythms, metabolism, and psychiatric disorders. Moreover, drugs of abuse, including cocaine, alter cellular metabolism, redox state, and oxidative stress [39] [40] [41] [42] . For example, fluctuations of NAD+ modulate calcium influx to neural cells during DA stimulation, reducing NAD+ bioavailability and attenuating further cellular activity [43, 44] . A functional relationship between NAD+ and DA in the brain may have implications in normal and pathological brain function.
Alterations in brain metabolism, circadian rhythms, and the mesolimbic DA system (ventral tegmental area (VTA) and nucleus accumbens (NAc)) contribute to the acute and prolonged effects on neural and behavioral plasticity of cocaine and other drugs of abuse [45] [46] [47] [48] [49] [50] . Most neurons of the VTA are DAergic (~65%) [51] [52] [53] , which send projections to the amygdala, medial prefrontal cortex (mPFC), NAc, and other striatal regions [54] [55] [56] . In the NAc, DA clearance follows a diurnal rhythm, which correlates with cocaine sensitization [57, 58] . The VTA is central to reward and motivational behaviors [59, 60] , and circadian disruption within the VTA is implicated in anxiety, depressive, and drug-related behaviors [18, 61] .
In the VTA, DAergic synthesis and release may be regulated by circadian rhythms. The rate-limiting step for DA synthesis is dependent on the availability and activity of tyrosine hydroxylase (TH) [62] [63] [64] . Interestingly, there are several putative circadian transcription factor-binding motifs within the TH promoter [15, [65] [66] [67] , including Eboxes [68] [69] [70] [71] . The location of these E-boxes to the transcriptional start site (TSS) and the cAMP response element (CRE) site [72, 73] suggests direct transcriptional regulation of TH by CLOCK/BMAL1.
Our previous studies demonstrated that CLOCK disrupted, ClockΔ19 mice, are hyper-DAergic [18, 74] , with a propensity to self-administer drugs of abuse [14, 75] . The expression of TH in the VTA is also increased in ClockΔ19 mice [18, 76] , suggesting that CLOCK may antagonize the transcriptional activity of TH, contrary to the typical transcriptional activation role of CLOCK. Here, we demonstrate that the diurnal rhythm of TH is controlled by the diurnal-dependent recruitment of CLOCK and CREB, whereby CLOCK and NAD+-dependent regulation of SIRT1, antagonize CREB-induced transcription during the day, which is relieved during the night, allowing for CREB-mediated TH transcription. Moreover, these mechanisms are disrupted in ClockΔ19 mice leading to elevated CREB-mediated TH transcription during the day. We also report these transcription factors within the VTA are important for regulating conditioned place preference (CPP) for cocaine.
Materials and methods

Mice
Experiments used adult (9-16 weeks old) male wild-type (Wt) and ClockΔ19 mutant littermates on a BALB/c background grouped housed (2-4 per cage). For electrophysiological experiments, mice were between 5 and 6 weeks old at an age where abnormal behaviors of the ClockΔ19 mice are exhibited [77] . Mice were maintained on a 12:12 light-dark cycle (lights on at 700, ZT0, and lights off at 1900, ZT12) with food and water provided ad libitum. Separate cohorts of mice were used for each of the experiments described below with the exception of the following groups: immunohistochemistry and gene expression was completed on subsets of mice following cocaine CPP. Animal use was conducted in accordance with the National Institute of Health guidelines and approved by the Institutional Animal Care and Use Committees of the University of Pittsburgh.
Drug administration
Cocaine hydrochloride was provided by the National Institute on Drug Abuse and dissolved with saline (0.9%, Fisher Scientific). Mice were injected intraperitoneally (i.p.) with cocaine (5 mg/kg for CPP), resveratrol (20 mg/kg, SelleckChem, Houston, TX, USA), or saline (0.9%) at a volume of 10 ml/kg. Systemic administration of resveratrol readily crosses the blood-brain barrier [78] . For gene, protein, and NAD+ expression studies (n = 6 per group per ZT), cocaine (20 mg/kg, i.p.) was administered acutely (single dose) or chronically (single dose per day for 14 days). Drugs were administered between ZT4-8.
RNA isolation, cDNA, and qPCR
Mice were killed throughout the LD cycle (n = 6 per genotype per ZT) and brains were rapidly extracted and VTA was micropunched, followed by isolation of total RNA and cDNA synthesis to measure gene expression using qPCR, as described previously [79] (Supplementary Methods). Relative gene expression was calculated using the 2 −ΔΔCt method, normalized to reference gene 18S, and reported as mean ± SEM.
SDS-PAGE western blots
Mice were killed throughout the LD cycle (n = 6 per group or genotype per ZT) and brains were rapidly extracted, and VTA was micropunched, followed by homogenization and sonication. Protein lysates (10 μg) were boiled and then separated by SDS-PAGE and transferred to immunobilon-FL transfer membrane (Millipore), as described previously. The following primary antibodies were used: β-actin (1:2000; Sigma A2228), GAPDH (1:1000; Fitzgerald 10R-G109a), CREB (1:1000; Millipore MAB5432), phospho-CREB (1:1000; Millipore 06-519), and SIRT1 (1:1000; Millipore 07-131) (Supplementary Methods). Optical densities were quantified by NIH ImageJ software and normalized to the reference protein. Samples with values ±1.5 s.d. from group means were excluded.
Chromatin immunoprecipitation (ChIP) assays
Midbrain punches were removed from fresh sections then pooled (n = 6 pools (n = 2 mice per pool) per genotype per ZT) and immediately cross-linked (1% paraformaldehyde), then incubated with glycine followed by homogenization and chromatin sheering (400-800 bp fragments), as previously described [18] . Samples were incubated with antibodies for CLOCK, P-CREB, or SIRT1, coupled to magnetic beads. DNA-associated protein was recovered using PCR Purification Kit (Qiagen). qPCR measured binding enrichment at the distal or proximal promoter of TH. Enrichment levels were calculated relative to the IgG control, as previously described [18] .
TH:luc reporter in vitro assays
Rat pheochromocytoma (PC12) or mouse neuroblastoma (N2A) cells (ATCC, Manassas, VA, USA) were grown and maintained in high-glucose DMEM supplemented (Invitrogen) with 10% FBS (Invitrogen). SIRT1 KO MEFs and CLOCK KO MEFs were grown and maintained in DMEM supplemented with 5% FBS and 5% newborn calf serum (Sigma-Aldrich). Semi-confluent cells (70-90%) were transfected with plasmids (5 or 10 µg) using Lipofectamine 2000 reagents (Invitrogen). Cells were lysed 48-72 h posttransfection with 200 µl of lysis buffer (Promega E1521, Fisher Scientific), then bioluminescence activity was measured. Luciferase activity was normalized to wells containing only TH:luc reporter plasmid and total protein. Plasmid construction of wild-type and E-box mutant TH:luc reporter gene constructs were prepared by inserting fragments (−1 kb or −250 bp) of the mouse promoter containing the putative TSS into a pGL3 luciferase vector. Mutagenic primers were designed to produce mutations at the putative E-box sites. CLOCK, CLOCKΔ19, and SIRT1 expression plasmids were cloned and modified. siRNAmediated transfection was used to knockdown SIRT1 (Santa Cruz Biotech, SC-108043). After transfection, PC12 cells and MEFs were also treated with bath application of NAD+ (β-Nicotinamide adenine dinucleotide; Sigma, N8535), NMN (β-Nicotinamide mononucleotide; Sigma, N3501), NAM (Nicotinamide; Sigma, 73240), or the NAMPT inhibitor, FK866 (SelleckChem, S2799).
HPLC to measure NAD+ levels from mouse brain tissue Brain samples were rapidly extracted and flash frozen using liquid nitrogen (n = 6 mice per ZT per genotype). Frozen tissue samples were rapidly homogenized in perchloric acid then neutralized in potassium carbonate. NAD+ concentrations were determined using an HPLC system (Prominence; Shimadzu Scientific Instruments, Columbia, MD) with a Supelco LC-18-T column (Sigma, 58970-U), as described previously [80, 81] . NAD+ concentrations were normalized to weights of frozen tissue samples.
Electrophysiology
Mice were anesthetized with isoflurane then decapitated to obtain horizontal brain sections (200 µm) of the VTA (single cell sampled per slice; n = 7 wild-type and n = 6 ClockΔ19 mice). Whole-cell current-clamp recordings were conducted with a MultiClamp 700 amplified (Molecular Devices, Sunnyvale, CA, USA) on VTA neurons selected under differential interference contrast (DIC) optics. Dopamine cells were chosen based on their relatively larger size and characteristic electrophysiological properties, including the HCN channel-mediated "sag" current at hyperpolarizing current steps and spontaneous firing of 1-3 Hz (Supplementary Information). Following stable baseline stable baseline whole-cell recordings, resveratrol (SIRT1 activator; 50 µM dissolved in 0.1% DMSO) was bath applied for~20 min. One cell was sampled per slice. pClamp 10 software (Molecular Devices) was used for recordings and subsequent analyses. Spikes were counted manually and rheobase was measured as the minimum current required to elicit action potentials.
HPLC to measure catecholamine and metabolites
Mouse brains were sectioned and microdissected for PFC, NAc, dSTR, and VTA, then frozen on dry ice (n = 6 per genotype per ZT). Microdissected punches were homogenized. Supernatant was removed for biogenic monoamines analyses using HPLC. Using the HPLC solvent, the following biogenic amines elute in the following order: DOPAC, dopamine, and HVA. HPLC control and data acquisition are managed by Empower software. HPLC assays were conducted by the Neurochemistry Core at the Vanderbilt Brain Institute.
Stereotaxic surgery
Mice underwent stereotaxic brain surgery to bilaterally inject into the VTA (relative to bregma: angle 7°; AP, −3.2; ML, ±1.0; DV, −4.6), high titer viruses (1 µl) encoding either AAV5 GFP-Scrambled or GFP-mutant CREB (mCREB), or bicistronic (GFP driven by cytomegalovirus promoter and SIRT1 driven by IE4/5 promoter) p1005 herpes simplex virus (HSV) vectors with GFP alone or GFP with SIRT1 (SIRT-OX) [34] (Supplementary Methods). Mice injected with AAV5 constructs recovered for 3-4 weeks, while mice injected with HSV constructs recovered for 2-3 days prior to behavioral testing to allow for maximal viral expression.
Immunohistochemistry
Mice were deeply anesthetized and then perfused (4% paraformaldehyde). Sections (30 μM) were processed for GFP, TH, and DAPI, then secondary flurophore antibodies (Supplementary Methods). Sections were imaged with an epifluorescent microscope (×4, ×10 and ×40). Mice were excluded if viral spread was not localized to the VTA, with viral spread through the injection tract, or with asymmetrical infection between hemispheres (~5% of mice).
Conditioned place preference (CPP)
Mice underwent cocaine place conditioning as described previously [13] . A biased conditioning protocol was used since most mice (>75%) preferred one chamber or the other during the pre-test (day 1). On days 2-5, mice were either injected with saline or cocaine (5 mg/kg, i.p.) then placed into the white or black chamber for 20 min. On day 6, mice were given no injections and allowed to freely explore the apparatus, and the amount of time spent for each of the three chambers was measured. Stereotaxic virally injected mice recovered prior to cocaine CPP (n = 10-11 per group). Mice were injected on days 2-5 exactly 30 min prior to saline or cocaine with resveratrol (20 mg/kg, i.p., dissolved in 5% hydroxypropyl β-cyclodextrin, Sigma-Aldrich, n = 9 per group). Mice were injected between ZT9-11 on days 1-5 (~12-16 h prior to CPP) with saline or the NAD+ precursor, NMN (β-Nicotinamide mononucleotide, 500 mg/ kg, i.p., dissolved in saline, Sigma-Aldrich, n = 9-10 per group). The CPP score was calculated as the amount of time spent within the conditioned chamber on the test day subtracted from the amount of time spent on the same side on the pre-test day.
Statistics
Sample sizes for each of the experiments were based on previous studies and/or power calculations from unpublished pilot experiments. Animals were assigned randomly to treatment groups to balance age, cage, and littermates across genotypes, where applicable. Diurnal variation of gene, protein, and NAD+ expression was analyzed using CircWave v1.4 software (courtesy of Dr. Roelof Hut, www. euclock.org). Sin-cosine regression was constrained to a period of 24 h, single harmonic, with significance at α = 0.05. The center of gravity for each fitted waveform was used to estimate acrophase, or peak, of diurnal variation. Unpaired Student's t test was used to test significance between genotypes where noted. One-way ANOVA followed by Tukey's multiple comparisons tests were used to test differences between groups for in vitro experiments where noted. Two-way ANOVA were used to examine main effects of genotype, treatment, condition, or time, and interactions for in vitro and in vivo experiments. Significant interactions (genotype × treatment or genotype × time) were followed by post hoc tests (Tukey's, Dunnett's, or Sidak's, where appropriate). Data are expressed as mean ± SEM with a two-tailed α = 0.05 considered statistically significant. Data were processed using Microsoft Excel, CircWave, ImageJ, and GraphPad Prism software.
Results
The molecular clock regulates TH expression and DA levels in mouse midbrain and striatum Mice with the ClockΔ19 mutation display disrupted DA rhythms [18, 76, 82] , and elevated levels of TH [76] , suggesting a link between CLOCK and DA synthesis. The Δ19 mutation renders a dominant-negative protein unable to promote gene transcription [83, 84] . TH is diurnally expressed with a peak (acrophase) during the night (or active) phase of light-dark (LD) cycle ( Fig. 1a) , which is increased during the day and early night with a shift in acrophase in ClockΔ19 mice with a disrupted molecular clock ( Fig. 1a and Figure S1C -F, I). Protein expression of TH and the phosphorylated form (P-THser40) are increased during the day and night ( Figure S1A, B ), suggesting activated TH may be constitutively elevated in ClockΔ19.
The mouse TH promoter contains two canonical E-boxes (CACGTG)-~1341 bp and~233 bp upstream from the TSS referred to as distal and proximal, respectively (Fig. 1b) . The proximal E-box is located near the CRE site (~79 bp to TSS), where CREB binds to activate transcription [85, 86] . The proximity of these sites to the TSS, and to one another, suggest diurnal-dependent regulation by CLOCK and CREB. Chromatin immunoprecipitation (ChIP) assays reveals antiphasic P-CREB and CLOCK binding at the proximal E-box of TH promoter, whereby P-CREB and CLOCK preferentially bind during the night and day, respectively ( Fig. 1c, d ). CLOCK peaks at ZT4 (also at distal E-box, Figure S2C ) when TH troughs, and P-CREB peaks at ZT16 when TH peaks (no binding of either P-CREB or SIRT1 at the distal promoter, Figure S2A Peak expression is shifted earlier during the active phase (t = 6.4, p < 0.0001). Sine wave fit (p < 0.05) with multiharmonic regression assuming 24 h period are superimposed on mean ± SEM (Wt, black; ClockΔ19, blue). n = 6 mice per ZT per genotype. b Mouse TH promoter with canonical-binding sites for CLOCK (Eboxes; white) and CREB (CRE; black) proximal to the ATG start site (arrowhead) and core promoter (gray box). c-e Diurnal variation of P-CREB, CLOCK, and SIRT1 binding to the proximal promoter site. c P-CREB-binding peaks during the night in Wt mice and remains constitutively elevated in ClockΔ19 mice (ZT, F 1,16 = 6.5, # p = 0.02 and genotype, F 1,16 = 13.12, p = 0.002). d CLOCK-binding peaks during the day in Wt mice (antiphase to P-CREB), with significantly reduced binding in ClockΔ19 mice (ZT × genotype, F 1,16 = 32.84, p < 0.0001; Tukey's post hoc tests, ****p < 0.0001, a Wt ZT4 vs. ZT16, p < 0.0001). e SIRT1-binding peaks during the day, similarly to CLOCK in Wt mice with no detectable binding in ClockΔ19 mice (ZT × genotype, F 1,16 = 8.75, p < 0.01; Tukey's post hoc tests, **p < 0.01, a Wt ZT4 vs. ZT16, p = 0.01). Red dotted line marks IgG background level. n = 6 mice per ZT per genotype. f CREB expression is unchanged in the VTA of ClockΔ19 mice. g P-CREB expression is reduced in the VTA of ClockΔ19 mice (ZT × genotype, F 1,12 = 10.54, p < 0.01; Tukey's post hoc tests, a ClockΔ19 ZT4 vs. ZT16, p = 0.02). h SIRT1 expression varies across day and night in Wt mice with reduced expression during the day in ClockΔ19 mice (ZT × genotype, F 1,12 = 16.65, p < 0.01; Tukey's post hoc, *p < 0.05, a ClockΔ19 ZT4 vs. ZT16, p < 0.01). i-l Brain regions were collected at ZT8-10 when TH expression is nearing the peak in ClockΔ19 mice then levels of DA and metabolites were measured using HPLC. Levels of DA (t = 13.33, ****p < 0.0001), DOPAC (t = 4.6, ***p < 0.001), and HVA (t = 5.96, ***p < 0.001), are increased, with unchanged DOPAC/DA ratio and reduced HVA/DA ratios (t = 6.25, ****p < 0.0001) in the dSTR of ClockΔ19 mice (i). In addition, DA levels are reduced in the mPFC of ClockΔ19 mice (t = 2.52, *p < 0.05), and DOPAC (t = 6.98, ****p < 0.0001), HVA (t = 5.1, ***p < 0.001), and DOPAC/DA (t = 6.13, ***p < 0.001) and HVA/DA (t = 3.58, **p < 0.01) ratios are also increased (j). Levels of DA (t = 5.01), DOPAC (t = 3.13), and HVA (t . SIRT1 also binds with a diurnal pattern at the proximal promoter, peaking during the day (Fig. 1e ).
In ClockΔ19 mice, diurnal binding at the proximal promoter of P-CREB, CLOCK, and SIRT1 is lost ( Fig. 1c-e ). SIRT1 occupancy is almost undetectable (Fig. 1e ), potentially due to reduced SIRT1 at ZT4 (Fig. 1h ). There are no diurnal differences in CREB ( Fig. 1f ), although P-CREB expression appears to increase at ZT4 and decrease at ZT16 ( Fig. 1g ), while SIRT1 shows the opposite pattern of expression in ClockΔ19 mice ( Fig. 1h ), suggesting disrupted diurnal variation of expression. Diurnal variation of Sirt1 gene ( Figure S1H ) and SIRT1 protein ( Fig. 1h ) are lost in ClockΔ19 mice, and the rhythm of the CLOCK target gene Nampt is completely reversed ( Figure S1G , I), further indicative of disrupted SIRT1 signaling. Given the elevated TH levels during the day in ClockΔ19 mice and the diurnal patterns of promoter binding of these transcription factors, CLOCK may repress the transcriptional activity of TH at specific times of day when SIRT1 is also present.
As expected, levels of DA and the metabolites 3-4-Dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) of the VTA and areas downstream, the dSTR and mPFC, are altered in ClockΔ19 mice ( Fig. 1i-l) . DA levels are elevated in the dSTR (Fig. 1i ), VTA (Fig. 1k ), and NAc (Fig. 1l ), but reduced in the mPFC (Fig. 1j) , with higher DOPAC/DA and HVA/DA ratios in the VTA and lower ratios in the dSTR in ClockΔ19 mice. These findings indicate a dominant-negative CLOCK protein consequently impacts TH transcription, and levels of DA and metabolites, in mesocorticolimbic pathways, including the dSTR, mPFC, NAc, and VTA.
CLOCK represses CREB-induced TH transcription by interacting with SIRT1
We designed TH promoter constructs expressing either the distal and/or proximal regions containing the E-box and CRE sites driving a luciferase reporter (TH:luc). Cells were transfected with any of the following mouse expression constructs: CREB, CLOCK, CLOCKΔ19, and/or SIRT1, and TH:luc. As expected, CREB reliably induces TH:luc activity ( Fig. 2a, PC12 and Fig. 2f, MEFs) . In PC12 cells, CREB-induced TH:luc activity is completely blocked by CLOCK, but not CLOCKΔ19 (Fig. 2a ). Mutation of the proximal E-box (CACGTG to CCCGGG), where CLOCK Fig. 2 CLOCK, SIRT1 , and metabolic cofactors modulate the transcriptional activity of TH. a PC12 cells were transfected and TH:luc promoter activity was measured. CREB induces activity of TH:luc, which is prevented by co-transfection with CLOCK, while CLOCKΔ19 fails to do so (one-way ANOVA, F 4,30 = 35.1, p < 0.0001; Tukey's post hoc tests, ****p < 0.0001). Amount of CLOCK plasmid transfected (small circle, 1 μg; large circle, 10 μg). n = 8-15 per condition, data represent an average across triplicate wells and multiple plates. b Mutation of the proximal E-box site of the TH promoter prevents the ability of CLOCK to repress transcriptional activity (one-way ANOVA, F 7,24 = 250.3, p < 0.0001; Tukey's post hoc tests, a TH vs. TH/CREB/CLOCK p < 0.05, ****p < 0.0001). n = 4 per condition, data represent an average across triplicate wells and multiple plates. c siRNA-mediated knockdown of SIRT1 prevents the ability of CLOCK to repress transcriptional activity, while SIRT1 further represses activity when co-transfected with CLOCK (one-way ANOVA, F 3,32 = 3503, p < 0.0001; Tukey's post hoc tests, *p < 0.05, ***p < 0.001, ****p < 0.0001). n = 4 per condition, data represent an average across triplicate wells and multiple plates. d SIRT1 restores the ability of CLOCKΔ19 to repress transcriptional activity (one-way ANOVA, F 2,9 = 76.5, p < 0.0001; Tukey's post hoc tests, **p < 0.01, ***p < 0.001). n = 4 per condition, data represent an average across triplicate wells and multiple plates. e TH:luc activity was measured in Wt, SIRT1 KO, and CLOCK KO MEFs. SIRT1 is required for CLOCK to prevent CREB-induced transcriptional activity (genotype × condition, F 6,40 = 3503, p < 0.0001). CLOCK represses CREB-induced transcriptional activity in Wt (a TH vs. TH/CREB, p < 0.01; b TH/CREB vs. TH/CREB/CLOCK, p < 0.0001) and CLOCK KO (c TH/CREB vs. TH/CREB/CLOCK, p < 0.0001) MEFs, but fails to do so in SIRT1 KO MEFs. Co-transfection of CLOCK and SIRT1 in CLOCK KO MEFs prevents CREB-induced transcriptional activity (d TH/CREB/CLOCK vs. TH/CREB/CLOCK/SIRT1 p < 0.001). n = 4-5 per condition, data represent an average across triplicate wells and multiple plates. f CLOCK KO MEFs were transfected with either partial domains or full SIRT1: 1) GEX vector backbone control; 2) N terminus (required for CLOCK interaction [24] , or 3) catalytic domain. Full SIRT1 and partial N terminus SIRT1 prevents CREB-induced TH:luc activity, with no effect of partial catalytic SIRT1 (one-way ANOVA, preferentially binds during the day, prevents CLOCKmediated antagonism of CREB-induced activity (Fig. 2b) . Similar effects are observed following mutation of the distal E-box ( Figure S3A ).
Based on our findings (see Fig. 1 ) and those from liver and other tissues [24, 25] , we investigated whether CLOCK represses transcriptional activity via the recruitment of SIRT1 ( Figure S4 ). CLOCK transfected with SIRT1 further reduces TH:luc activity, whereas siRNA-mediated knockdown of Sirt1 prevents the effects of CLOCK on CREBinduced transcriptional activity (Fig. 2c) . SIRT1 restored the repressive effects of CLOCKΔ19 (Fig. 2d ). We then used Wt, CLOCK KO, and SIRT1 KO MEFs to investigate whether CLOCK and/or SIRT1 are necessary for reducing transcriptional activity. CLOCK fails to reduce activity in SIRT1 KO MEFs, yet when CLOCK and SIRT1 are cotransfected, activity is reduced (Fig. 2e ). The interaction between CLOCK and SIRT1 requires the N terminus region of SIRT1 (aa1-231) [24] . In CLOCK KO MEFs, constructs expressing the catalytic domain or the C terminus of SIRT1 has no effect on TH:luc activity, while the N terminus region is sufficient for recapitulating SIRT1-mediated repression (Fig. 2f ).
Cellular metabolic cofactors of SIRT1 modulate TH gene transcriptional activity
NAD+ and intermediate enzymes of the NAD+ salvage pathway controls the activity of SIRT1 ( Figure S4) [24, 26, 87, 88] . NAD+ (1 μM) blocks CREB-induced TH:luc activity (Fig. 2g) , consistent with the role of SIRT1 from our findings. Indeed, SIRT1 knockdown attenuates the effects of NAD+ on TH:luc activity (Fig. 2j ). NAM is a byproduct of NAD+ metabolism and part of the biosynthesis pathway regulating SIRT1 [89] . As expected, CLOCK antagonism of CREB-induced TH:luc activity is prevented by NAM ( Fig. 2h and Figure S3A ). The precursor NMN is necessary for NAD+ biosynthesis and NAD+-dependent SIRT1 activity ( Figure S4) [90, 91] . Similar to NAD+, NMN prevents CREB-induced TH:luc activity and further attenuates activity with CLOCK or SIRT1 (Fig. 2k ). SIRT1 KO MEFs treated with NMN (400 or 800 μM) and transfected with CLOCK produces minimal changes on CREBinduced TH:luc activity unless SIRT1 is also present (Fig. 2l ). NAD+ synthesis is controlled by the rate-limiting enzyme NAMPT. The NAMPT inhibitor FK866 (10 nM), which recapitulates the effects of SIRT1 inhibition via NAD + depletion [24, 25, 92] , attenuates the repressive effects of CLOCK, CLOCK/SIRT1, and CLOCKΔ19/SIRT1 on CREB-induced transcription ( Figure S3C ). These findings collectively demonstrate NAD+ bioavailability and biosynthesis contributes to the ability of CLOCK/SIRT1 to reduce the transcriptional potential of TH, thus linking CLOCK activity to the redox state. To further demonstrate these mechanisms are important for endogenous TH regulation in neural cells, we transfected mouse N2A cells. Similar to our findings in PC12 and MEF cells, CLOCK alone has no effect on basal TH:luc activity (Fig. 3a) , while CLOCK or SIRT1 prevents CREB-induced activity, with CLOCKΔ19 having no effect (Fig. 3b ).
Mice treated with resveratrol (20 mg/kg, daily i.p., 4 days), a pharmacological activator of SIRT1 [93] , display reduced TH expression in the VTA (Fig. 3d) . In vivo manipulation of SIRT1 (HSV-SIRT1) specifically within the VTA of Wt and ClockΔ19 mice (Fig. 3c ) also reduces TH expression ( Fig. 3e) , whereas the effects of mCREB in VTA are genotype dependent (Fig. 3f) . Thus, SIRT1 represses TH expression in vivo, while CREB may differentially regulate transcription depending on a functional CLOCK protein, and these results suggest overactive CREB activity in ClockΔ19 mice (Supplementary Table 2 ).
The effects of SIRT1 activation on VTA DA physiology and striatal DA levels depend on a functional CLOCK protein
We performed whole-cell current-clamp recordings from VTA DA cells ( Figure S5 ). Using whole-cell recordings, slices were treated with vehicle (DMSO) followed by resveratrol. Resveratrol increases and decreases spike frequency in Wt and ClockΔ19 mice, respectively (Fig. 4a, c,  d) . VTA DA neurons are more depolarized in ClockΔ19 mice, indicating enhanced excitability (Fig. 4b) ; consistent with our previous findings, reporting increased spontaneous firing of DA neurons in slice and in vivo [76, 82] , which is reduced by resveratrol ( Fig. 4e, f) . Consistent with our physiological findings, resveratrol increases DA levels in the NAc and dSTR of Wt mice, and reduces DA and DOPAC only in the NAc of ClockΔ19 mice (Fig. 4g, h and Figure S6 ), with no effects in the mPFC ( Figure S7) . Resveratrol modulates DA cell firing depending on a functional molecular clock and basal DAergic tone from the VTA-i.e., resveratrol enhances DA signaling in Wt mice with low to normal tone and reduces DA in ClockΔ19 mice with high tone (Fig. 4i ).
Diurnal variations of NAD+ and SIRT1 in VTA are affected by cocaine
To further extend these findings to the brain, we measured diurnal rhythms of NAD+ in the VTA using HPLC since NAD+ rhythms regulate SIRT1 in liver and other tissues. Intriguingly, NAD+ peaks during the middle of the day (Figure S8A) , when SIRT1 binds the TH promoter (Fig. 1e) ; SIRT1 expression peaks ( Figure S8B) ; and TH troughs ( Fig. 1a and Figure S8E ). Cocaine is known to alter redox state, SIRT1 activity, and the cellular response to DA [34, 35, 38, 44, 46, [94] [95] [96] [97] . Thus, we investigated the effects of cocaine on diurnal rhythms of NAD+ and SIRT1 in the VTA. Acute cocaine (20 mg/kg, i.p., single injection) has no impact on NAD+; however, there is a complete loss of diurnal rhythm following chronic cocaine (20 mg/ kg, i.p., 14 days) ( Figure S8C and Figure S9A ). SIRT1 diurnal rhythms are also lost following cocaine ( Figure S8D ), along with disruption in other circadian and metabolic genes ( Figure S9 ) with minimal effects on CREB or P-CREB ( Figure S9H, I) . Acute cocaine completely flattens the diurnal rhythm of TH, which remains substantially dampened following chronic cocaine ( Figure S8E ). Diurnal rhythms of NAD+ and SIRT1 overlap, with peaks at the same times of day, and in antiphase to TH expression, which are altered by cocaine ( Figure S8F ). , right) , genotype, F 1,20 = 20.1, p < 0.001). All data are represented as mean ± SEM. i Schematic of diurnal regulation of TH by CLOCK/SIRT1 and CREB. During the day (inactive phase), CLOCK and SIRT1 bind to the proximal E-box within the TH promoter, when TH expression is low. Oscillating NAD+ (and NAM) may modulate the activity of SIRT1 and repression of transcriptional activity. During the night (active phase), CREB is recruited to the CRE site to promote the transcriptional activity of TH. In ClockΔ19 mice, recruitment of SIRT1 to the promoter is reduced potentially due to reduced expression during the day, while P-CREB binding is enhanced during the day and night. Elevated P-CREB activity constitutively increases TH protein expression in ClockΔ19 mice. CLOCK promoter binding during the day may prevent CREB from binding the CRE site. The truncated mutant CLOCK protein (missing 51 amino acids of the transactivational domain) or the inability to recruit other cofactors to the transcriptional complex permits CREB binding. Thus, CLOCK could block CREB from accessing the CRE site, suggesting steric hindrance
The effects of SIRT1 activation on cocaine CPP depend on a functional CLOCK protein Mice injected with AAV5-mCREB or HSV-SIRT1 into the VTA, or treated with resveratrol or NMN were subjected to cocaine CPP to determine whether these mechanisms are important for drug-conditioned reward (Fig. 5a ). The effects of mCREB or SIRT1 activation led to opposite expression of TH in Wt and ClockΔ19 mice following cocaine CPP (Fig. 5b, resveratrol; Fig. 5c, NMN; Fig. 5d, SIRT1OX; and Fig. 5e, mCREB) . Consistent with our previous findings [76] , elevated cocaine CPP is robust in ClockΔ19 mice ( Fig. 5f-i) . Resveratrol (Fig. 5f), NMN (Fig. 5g) , SIRT1 (Fig. 5h ), or mCREB (Fig. 5i) , almost completely prevents cocaine CPP in ClockΔ19 mice, yet enhances CPP in Wt mice, further supporting the differential regulation of VTA DAergic activity by NAD-dependent SIRT1 when DAergic cells are in a heightened or normal state. Taken together, our results demonstrate that CLOCK, SIRT1, and CREB are capable of bidirectionally modulating the in vivo transcriptional activity of TH and cocaine-conditioned reward (Supplementary Table 2 ).
Discussion
Disruptions to the circadian system are linked to addiction and other psychiatric disorders. Metabolic oscillations are tightly coupled with the molecular clock [2, 25, 98] . Our results showing time-of-day-dependent expression of TH, transcriptional activity, and promoter occupancy of CLOCK, SIRT1, and CREB, together with our previous reports [14, 18, 74, 76, 77, 82] , suggest circadian-dependent regulation of pathways involved in DA synthesis. Diurnal variation of TH transcription is regulated by time-of-daydependent recruitment of CLOCK and SIRT1 to the proximal promoter in antiphase to CREB. During the day (inactive), CLOCK and SIRT1 reduce the transcriptional activity of TH, while CREB promotes transcription during the night (active). Furthermore, pharmacological activation of SIRT1 can modulate the excitability and firing of VTA DA neurons and DA levels downstream of the VTA. These mechanisms are disrupted by cocaine administration and this is important for the regulation of cocaine-conditioned reward. Together, our data support previous findings in peripheral tissues indicating coupling of metabolic and molecular clock pathways, which are important in the regulation of a number of physiological processes.
We establish here a functional role for NAD+-dependent regulation of SIRT1 signaling on CLOCK-mediated transcription of TH. NAM inhibits SIRT1 activity through the metabolizing of NAD+ [99] [100] [101] [102] . Transcriptional activity of TH is attenuated by NAD+ and restored with NAM presumably by modulating SIRT1 activity, since these effects are less robust following SIRT1 knockdown or SIRT1 KO MEFs. The immediate precursor to NAD+, NMN, also reduces CREB-induced transcriptional activity, further supporting the role of NAD+ biosynthesis as a key regulator of SIRT1-mediated transcriptional repression.
The conversion of NAM to β-ΝΜΝ is catalyzed by the CLOCK target gene, NAMPT, positioning this enzyme as a pivotal factor coupling metabolic and circadian oscillators. The expression of Nampt and Sirt1 peaks near similar diurnal phases and antiphasic to SIRT1 and NAD+ levels, suggesting NAD+-dependent SIRT1 activity represses TH expression during the inactive phase. Daily rhythms of NAD+ directly modulates the diurnal activity of CLOCK/ BMAL1/SIRT1 transcriptional complexes [24, 99] . Consistent with this, CLOCK and SIRT1 preferentially bind the TH promoter during the day when NAD+ peaks and TH expression is low. Moreover, the repression of transcriptional activity is dependent on the presence of the N terminus of SIRT1, which has previously been shown to be necessary for the interaction with CLOCK [87] . Together, these findings strongly suggest CLOCK-mediated repression of TH expression is dependent on NAD+ and the interaction with SIRT1.
Our findings suggest a functional CLOCK is able to antagonize CREB-mediated transcriptional activity of TH, where CLOCK promoter occupancy during the day, when TH expression is the lowest, prevents CREB occupancy. We previously reported significantly increased TH expression and altered DA synthesis in the VTA of ClockΔ19 mice [18, 76] . We extend these findings to demonstrate these changes in TH expression are likely due to impaired SIRT1 function or activity. While CLOCKΔ19 protein is still capable of binding the promoter, SIRT1 binding (and expression) is markedly lower, potentially allowing for CREB recruitment and transcriptional activation. Another possibility is steric hindrance, where the CLOCK protein at the E-box site prevents CREB binding at certain times of day. Due to a splicing misread and the excision of exon 19, the mutant CLOCK protein is missing 51 amino acids of the transactivational domain [84] . In ClockΔ19 mice, CREBinduced transcriptional activity remains and P-CREB binding at the CRE site is constitutively enriched during day and night. Thus, the truncated CLOCK protein may permit CREB to bind and regulate TH transcription. Other genes are directly regulated by CLOCK/BMAL1 complexes and CREB, suggesting potential common mechanisms of circadian-dependent transcription at other gene promoters [103, 104] . Pleiotropic or "non-circadian" roles of these transcription factors may also be involved. The repression of transcriptional activity by CLOCK could be independent of circadian regulation, especially when considering the impact of cocaine on these mechanisms. For example, SIRT1 suppresses the transcriptional activity of TH under non-stimulated conditions, while overexpression or activation seems to increase TH expression if animals are also exposed to cocaine. Cocaine likely disrupts the typical action of these transcription factors or the activation of other cofactors and pathways. Interestingly, SIRT1 can both activate or inhibit transcription depending on the recruitment of additional cofactors or post-translational modifiers, and brain region [34, 87, 105] .
The synthesis and release of DA is modulated by several pathways of the circadian system. For example, the dopamine transporter (DAT) has been shown to be necessary for diurnal variation of extracellular dopamine tone [16] . Moreover, midbrain TH expression seems to be also controlled by REV-ERBα and NURR1 to repress or promote transcription, respectively [15] . Interestingly, Rev-erbα and ClockΔ19 mutant mice are both hyper-DAergic and exhibit reduced anxiety-like and depressive-like behaviors [15, 18] . Our previous studies suggest altered DA synthesis and release in ClockΔ19 mice may be specific to the VTA and largely unaffected in the substantia nigra, suggesting complementary yet regionally distinct regulation of TH by molecular clock mechanisms, however, this has not been systematically investigated [15, 18] . CLOCK, in addition to other transcription factors, regulates the expression of Reverbα. Despite changes in liver of ClockΔ19 mice [106] , we found diurnal expression of Rev-erbα was minimally affected, and may indicate these observed changes in TH of ClockΔ19 mice are independent of REV-ERBα.
The complete loss of CLOCK (e.g., CLOCK KO mice) may be compensated by NPAS2 [107] [108] [109] [110] . NPAS2 and CLOCK independently dimerize with BMAL1 to maintain rhythms in various tissues [107, 111] . However, ClockΔ19 mice gradually become arrhythmic in constant conditions [112] [113] [114] , suggesting NPAS2 fails to compensate. Moreover, the CLOCKΔ19 protein is capable of binding BMAL1, yet fails to recruit cofactors required for transcription [84] , and leads to blunted molecular rhythms [115] , consistent with our findings of flattened Per2 rhythms. In contrast, the diurnal variation of another CLOCK target gene Nampt was completely reversed in ClockΔ19 mice and TH expression appeared to phaseshifted with an overall increase in amplitude. Altered phase resetting, reduced circadian amplitudes, and phase shifts in ClockΔ19 mice have also been observed for other molecular and behavioral rhythms [116, 117] . Nevertheless, our results show ClockΔ19 mice have constitutively elevated activated TH in the VTA, further suggesting genetic disruption of the molecular clock disrupts DAergic transmission [18] . In addition, NPAS2 has little to no expression in the VTA [118] , suggesting compensation by NPAS2 is unlikely to play a role in these studies.
Highly metabolic tissues, such as liver and brain, may rely on the coupling between metabolic and circadian oscillators in order to maintain homeostasis, energy utilization, and overall tissue health. An important cofactor with responsiveness to changes in cellular metabolism, mitochondrial biogenesis, and redox state is NAD+. NAD+ is almost completely depleted following DA stimulation, which is thought to be a consequence of the cells attempting to meet the energy demands of the mitochondria [43, 44] . Interestingly, chronic, but not acute, cocaine completely flattened the diurnal variations of NAD+ in the VTA, suggesting repeated administration of cocaine taxes mitochondrial function and impairs NAD+ signaling [119] . Chronic administration of drugs of abuse could impair neuronal metabolism, interfere with subsequent responses to stimuli, and promote oxidative stress.
The loss of rhythms of firing and release of DA from VTA neurons parallels loss of rhythms of locomotor activity, cocaine CPP, and self-administration in ClockΔ19 mice [14, 18, [74] [75] [76] . We replicate these findings of increased sensitivity to cocaine-conditioned reward in these mice, which may be due to elevated extracellular DA and DA turnover in the VTA and downstream striatal regions. As suggested, overactive CREB-mediated transcription of TH may be responsible for an overall increase of TH gene and protein expression in the VTA of ClockΔ19 mice. Indeed, VTA-specific viral overexpression of mutant CREB significantly reduces TH expression selectively in these mice, which is similar to overexpression of SIRT1, and pharmacological activation of SIRT1 by resveratrol. The reduction in TH expression corresponds with attenuated cocaine-conditioned reward. In addition, bath application of resveratrol to VTA slices from ClockΔ19 mice reduces the excitability and firing of DA neurons, further supporting the idea that SIRT1 activation antagonizes DA-driven hyperhedonia in ClockΔ19 mice. Other studies have shown that preventing SIRT1 in the NAc relieves stress-induced depressive-like behaviors [36] and attenuates drug selfadministration [34, 35, 38] . Thus, targeting of SIRT1 or NAD+-dependent pathways may have therapeutic implications for those with comorbid mood, substance use, and metabolic disorders [120] [121] [122] [123] .
Repeated cocaine administration increases the expression of SIRT1 in the NAc, and SIRT1 activation either by overexpression or resveratrol activation can promote cocaine CPP and self-administration [34, 35, 38] . Similarly, systemically administered resveratrol, NMN, or VTAspecific overexpression of SIRT1 in wild-type mice increases cocaine CPP, potentially via enhanced DA neuronal excitability and extracellular DA in the NAc and dSTR. Expression of TH in the VTA is also increased following SIRT1 activation and cocaine administration in wild-type mice. These findings seem contrary to our initial results, demonstrating SIRT1 activation reduces the transcriptional activity of TH in vitro and in vivo. We speculate that suppressed TH expression following mCREB or SIR-T1OX may lead to compensatory changes of DA neuronal activity or potentiated neural responses to cocaine. Cocaine may further perturb these molecular mechanisms which could underlie these discrepancies since cocaine altered the diurnal expression of TH, SIRT1, and NAD+. On the other hand, we observed the opposite direction of effects in ClockΔ19 mice, suggesting that when DA neuronal firing is constitutively elevated, mCREB or SIRT1 activation reduces DA activity and cocaine CPP. Future studies will need to further tease apart the mechanisms underlying these differences. Nevertheless, our findings collectively point toward NAD+-dependent SIRT1-mediated modulation of DA signaling involving CLOCK in the VTA.
Taken together, our results demonstrate diurnal variation of TH in the VTA is regulated by NAD+-dependent SIRT1 activity and CLOCK-mediated repression. These mechanisms may have important applications for substance use and implications for other psychiatric disorders. Targeting NAD + or SIRT1 may be effective therapeutic approaches for comorbid mood and substance use disorders.
